
Bohn, Brent 

From: Gibbons, Catherine 
Sent: 
To: 

Friday, December 04, 2015 7:40 PM 
Bohn, Brent 

Subject: FW: Another Cr6 slide 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca .gov] 
Sent: Tuesday, June 24, 2014 7:25 PM 
To: Gibbons, Catherine <Gibbons.Catherine@epa.gov> 
Subject: RE: Another Cr6 slide 

It's late and I'm sure you're tired. Are you even planning on going home tonight? 

From: Gibbons, Catherine [mailto:Gibbons.catherine@eoa.gov] 
Sent: Tuesday, June 24, 2014 4:24PM 
To: Khan, Elaine@OEHHA 
Subject: RE: Another Cr6 slide 

LOL! As usual, turns out you have sent me this paper before and I forgot about it ® IN FACT, it was sitting RIGHT NEXT TO ME in a pile of "important papers to review" at this very second! 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca .gov] 
Sent: Tuesday, June 24, 2014 7:16 PM 
To: Gibbons, Catherine 
Subject: RE: Another Cr6 slide 

I notice slide 3 shows villous vacuolization- Chad had said before that they considered that part of the damage that led to crypt hyperplasia (because I noted that they had more animals with crypt hyperplasia than there were animals with apoptosis or villous atrophy) but I pointed out that vacuolization is not always a precursor of cell death . It's a stress response and can often lead to survival. See attached paper by Galluzzi et al. (highlights on p. 112 and Fig. 4 on p. 114). 

Also, Ki -67 is a cell proliferation marker: 

J Cell Physiol. 2000 Mar;182(3):311-22. 

The Ki-67 protein: from the known and the unknown. 
Scholzen T1, Gerdes J. 

Author information 

• 1Division of Molecular Immunology, Research Center Borstel, Germany. tscholzen@fz-borstel.de 

Abstract 

The expression of the human Ki-67 protein is strictly associated with cell proliferation. During interphase, the antigen can be exclusively detected within the nucleus, whereas in mitosis most of the protein is relocated to the surface of the chromosomes. The fact that the Ki-67 protein is present during all active phases of the cell cycle (G(1 ), S, G(2), and mitosis), but is absent from resting cells (G(O)), makes it an excellent marker for determining the so-called growth fraction 
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of a given cell population. In the first part of this study, the term proliferation marker is discussed and examples of the applications of anti-Ki-67 protein antibodies in diagnostics of human tumors are given. The fraction of Ki-67-positive tumor cells (the Ki-67 labeling index) is often correlated with the clinical course of the disease. The best-studied examples in this context are carcinomas of the prostate and the breast. For these types of tumors, the prognostic value for survival and tumor recurrence has repeatedly been proven in uni- and multivariate analysis. The preparation of new monoclonal antibodies that react with the Ki-67 equivalent protein from rodents now extends the use of the Ki-67 protein as a proliferation marker to laboratory animals that are routinely used in basic research. The second part of this review focuses on the biology of the Ki-67 protein. Our current knowledge of the Ki-67 gene and protein structure, mRNA splicing, expression, and cellular localization during the cell-division cycle is summarized and discussed. Although the Ki-67 protein is well characterized on the molecular level and extensively used as a proliferation marker, the functional significance still remains unclear. There are indications, however, that Ki-67 protein expression is an absolute requirement for progression through the cell-division cycle. 

So I'm not sure if that's mouse or rat data he's showing in slide 4, but if it's mouse, there shouldn' t be a decrease in Ki-67 at 91 days compared to 8 days. 

From: Gibbons, Catherine [mailto:Gibbons.Catherine@eoa.gov] 
Sent: Tuesday, June 24, 2014 3:14PM 
To: Khan, Elaine@OEHHA 
Subject: Another Cr6 slide 

Ha! Check this out, he's mentioning the paper and studies pointing to a villus origin for tumors. 
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Bohn, Brent 

From: 
Sent: 
To: 
Subject: 
Attachments: 

Gibbons, Catherine 
Friday, December 04, 2015 7:40 PM 
Bohn, Brent 
FW: Another Cr6 slide 
Scholzen 2000. pdf 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca.gov] 
Sent: Tuesday, June 24, 2014 7:43 PM 
To: Gibbons, Catherine <Gibbons.Catherine@epa.gov> 
Subject: RE: Another Cr6 slide 

Ok, I just checked and slide 4 in this attachment (Science Question 4 presentation) refers to the mouse data (Thompson et al. 2013, Fig. 4). This is what they say in the paper: 
" In addition, transcript levels of 
Ki67, a common marker of crypt cell proliferation (Itzkovitz 
et al., 20 12; Potten et al., 1997), were significantly elevated at 
_ 170 mg/1 SOD at both day 8 and day 91 (Figure 4H). 
Together, these data suggest that Cr(VI) increased crypt 
hyperplasia as early as one week of exposure to very high 
concentrations in drinking water." 

To me, the decrease in Ki-67 at 91 days looks very similar to the their figure in slide 2 of their Science Question 3 presentation, where they say that "effects in rats might have been subsiding ... " Attached is the Ki-67 review article 1 cited below -I haven't read it yet, but we may not need to read it since they themselves are saying that it's a marker of crypt cell proliferation . 

From: Gibbons, Catherine [mailto:Gibbons.Catherine@epa.gov] 
Sent: Tuesday, June 24, 2014 4:24 PM 
To: Khan, Elaine@OEHHA 
Subject: RE: Another Cr6 slide 

LOL! As usual, turns out you have sent me this paper before and I forgot about it @ IN FACT, it was sitting RIGHT NEXT TO ME in a pile of " important papers to review" at this very second! 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca .gov] 
Sent: Tuesday, June 24, 2014 7:16 PM 
To: Gibbons, Catherine 
Subject: RE: Another Cr6 slide 

I notice slide 3 shows villous vacuolization- Chad had said before that they considered that part of the damage that led to crypt hyperplasia (because I noted that they had more animals with crypt hyperplasia than there were animals with apoptosis or villous atrophy) but I pointed out that vacuolization is not always a precursor of cell death . It's a stress response and can often lead to survival. See attached paper by Galluzzi et al. (highlights on p. 112 and Fig. 4 on p. 114). 

Also, Ki-67 is a cell proliferation marker: 

J Cell Physiol. 2000 Mar;182(3):311-22. 



The Ki-67 protein: from the known and the unknown. 
Scholzen T\ Gerdes J . 

Author information 

• 1Division of Molecular Immunology, Research Center Borstel, Germany. tscholzen@fz-borstel.de 

Abstract 

The expression of the human Ki-67 protein is strictly associated with cell proliferation. During interphase, the antigen can be exclusively detected within the nucleus, whereas in mitosis most of the protein is relocated to the surface of the chromosomes. The fact that the Ki-67 protein is present during all active phases of the cell cycle (G(1 ), S, G(2), and mitosis), but is absent from resting cells (G(O)), makes it an excellent marker for determining the so-called growth fraction of a given cell population. In the first part of this study, the term proliferation marker is discussed and examples of the applications of anti-Ki-67 protein antibodies in diagnostics of human tumors are given. The fraction of Ki-67-positive tumor cells (the Ki-67 labeling index) is often correlated with the clinical course of the disease. The best-studied examples in this context are carcinomas of the prostate and the breast. For these types of tumors, the prognostic value for survival and tumor recurrence has repeatedly been proven in uni- and multivariate analysis. The preparation of new monoclonal antibodies that react with the Ki-67 equivalent protein from rodents now extends the use of the Ki-67 protein as a proliferation marker to laboratory animals that are routinely used in basic research. The second part of this review focuses on the biology of the Ki-67 protein. Our current knowledge of the Ki-67 gene and protein structure, mRNA splicing, expression, and cellular localization during the cell-division cycle is summarized and discussed. Although the Ki-67 protein is well characterized on the molecular level and extensively used as a proliferation marker, the functional significance still remains unclear. There are indications, however, that Ki-67 protein expression is an absolute requirement for progression through the cell-division cycle. 

So I'm not sure if that's mouse or rat data he's showing in slide 4, but if it's mouse, there shouldn't be a decrease in Ki -67 at 91 days compared to 8 days. 

From: Gibbons, Catherine [mailto:Gibbons.catherine@eoa.gov] 
Sent: Tuesday, June 24, 2014 3:14PM 
To: Khan, Elaine@OEHHA 
Subject: Another Cr6 slide 

Ha! Check this out, he's mentioning the paper and studies pointing to a villus origin for tumors. 
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JOURNAL OF CELLULAR PHYSIOLOGY 182:311-322 (2000) 

REVIEW ARTICLES 

The Ki-67 Protein: From the Known and 
the Unknown 

THOMAS SCHOLZEN* AND JOHANNES GERDES 
Division of Molecular Immunology, Research Center Borstel, Germany 

The expression of the human Ki-67 protein is strictly associated with cell proliferation . During interphase, the antigen can be exclusively detected within the nucleus, whereas in mitosis most of the protein is relocated to the surface of the chromosomes. The fact that the Ki-67 protein is present during all active phases of the cell cycle (G 1 , S, G2 , and mitosis), but is absent from resting cells (G0 ) , makes it an excellent marker for determining the so-called growth fraction of a given cell population. In the first part of this study, the term proliferation marker is discussed and examples of the applications of anti-Ki-67 protein antibodies in diagnostics of human tumors are given. The fraction of Ki-67 -positive tumor cells (the Ki-67 labeling index) is often correlated with the clinical course of the disease. The best-studied examples in this context are carcinomas of the prostate and the breast. For these types of tumors, the prognostic value for survival and tumor recurrence has repeatedly been proven in uni- and multivariate analysis . The preparation of new monoclonal antibodies that react with the Ki-67 equivalent protein from rodents now extends the use of the Ki-67 protein as a proliferation marker to laboratory animals that are routinely used in basic research. The second part of this review focuses on the biology of the Ki-67 protein. Our current knowledge of the Ki-67 gene and protein structure, mRNA splicing, expression, and cellular localization during the cell-division cycle is summarized and discussed. Although the Ki-67 protein is well characterized on the molecular level and extensively used as a proliferation marker, the functional significance still remains unclear. There are indications, however, that Ki-67 protein expression is an absolute requirement for progression through the cell-division cycle . ). Cell. Physiol. 182:311 - 322, 2000. 0 2000 Wilcy-Liss, Inc. 

With regard to the Ki-67 protein, the scientific community can be divided into three groups. The first group, that is, for those working in pathology, the Ki-67 protein and the corresponding antibodies are well known, whereas a second group of researchers working in other fields often tend to ignore this protein. The third, and by far the smallest group, consists of those who are actually interested in the biology and function of the Ki-67 protein itself. The aim of this review is to give information about the properties of the Ki-67 pro
tein and its use as a proliferation marker in research and diagnostics. Moreover, the authors hope that this study will also help to raise more interest in the biology and the unique features of the Ki-67 protein. 

The Ki-67 protein was originally defined by the prototype monoclonal antibody Ki-67 (Gerdes et al., 1983), which was generated by immunizing mice with nuclei of the Hodgkin lymphoma cell line L428 . The name is derived from the city of origin (Kiel) and the number of the original clone in the 96-well plate. Because the antigen was not initially characterized, it was referred to mainly as the Ki-67 antigen. When the antigen was found to be a protein and the primary structure could be deduced from the corresponding eDNA, it revealed no homology to any known polypeptide (see later discussion). For this reason and because the function of 
© 2000 WILEY-LISS, INC. 

the protein remained indistinct, the initial name Ki-67 was kept. To prevent confusion, we refer to the prototype antibody and the antigen as the Ki-67 antibody and Ki-67 protein, respectively, throughout this study. Characterization of the Ki-67 antibody revealed an interesting staining pattern. The antibody was reactive with a nuclear structure present exclusively in prolif
erating cells. A detailed cell cycle analysis revealed that the antigen was present in the nuclei of cells in the G1, S, and G2 phases of the cell division cycle as well as in mitosis. Quiescent or resting cells in the G0 phase did not express the Ki-67 antigen (Gerdes et al., 1984). Because the Ki-67 antigen was present in all prolifer
ating cells (normal and tumor cells), it soon became evident that the presence of this structure is an excel
lent operational marker to determine the growth fraction of a given cell population. For this reason, antibodies against the Ki-67 protein were increasingly used as diagnostic tools in different types of neoplasms. Despite this broad application, the nature of the antigen 

*Correspondence to: Thomas Scholzen, Division of Molecular Immunology, Research Center Borstel, Parkallee 22, D-23845 Borstel, Germany. E-mail: tscholzen@fz-borstel.de 
Received 11 August 1999; Accepted 11 August 1999 



312 THE Ki-67 PROTEIN 

remained unclear until it was identified as a protein by screening a eDNA expression library (Gerdes et al., 1991). The complete primary structure was published two years later after cloning and sequencing the entire eDNA (Schluter et al., 1993). Two protein isoforms were originally described, generated by alternative splicing of an mRNA precursor transcribed from a single gene. Both isoforms with calculated molecular masses of 320 and 359 kD contain a large central region with 16 repetitive elements (Ki-67 repeats) encoded by a single exon of 6845 base pairs. Meanwhile, the entire gene locus of the Ki-67 protein has been sequenced as well, comprising almost 30,000 base pairs (Duchrow et al., 1996). 
In 1983 when the first monoclonal antibody against the Ki-67 protein was described, a picture of the molecular mechanisms of the eukaryotic cell cycle control was just beginning to develop. In the same year, the term cyclin was proposed for proteins that are destroyed at certain points in the cell cycle (Evans et al., 

1983). In the following years, rapid progress was made in the elucidation of the intricate network of cyclins, cyclin-dependent kinases, and their inhibitors that govern the meticulously coordinated cell cycle progres
sion (for review see Grana and Reddy, 1995; Pines, 1995; Lew and Kornbluth, 1996; Arellano and Moreno, 1997). Advancement has also been made in understanding the factors that control key events in the cell division cycle, for example, the transition from one phase to the next, DNA replication, and chromosome condensation and segregation. The tumor supressor genes p53 and pRb have been shown to be major targets in the control of the transition from G1 to S phase (reviewed in Paggi et al., 1996; Levine, 1997; Mayol and Grana, 1997; Agarwal et al., 1998; Grana et al., 1998; Stiegler et al., 1998). Furthermore, the role of the ORC (origin recognition complex) and Mcm (mini chro

mosome maintenance) proteins in the control of DNA replication have been described (for review see Kearsey and Labib, 1998; Tada and Blow, 1998). Although our knowledge of the molecular regulation of the cell division cycle is far from being complete, a vast body of data has been accumulated and is beginning to form into a detailed picture of a complex network that is regulated by expression, modification (e.g., phosphorylation, ubiquitination), degradation, and translocation 
of a number of key proteins. Despite this extensive knowledge, none of these key regulators has yet been functionally linked to the Ki-67 protein. This is striking, because as mentioned earlier, Ki-67 protein expression is strictly correlated to cell proliferation and to the active phases of the cell cycle. To our knowledge no other protein shows an expression pattern that is equally tightly regulated in dependence to the proliferative status of the cell. One would therefore expect that the role of the Ki-67 protein in cell proliferation would be fundamental and therefore easy to reveal. Ifthe former expectation may still hold to be true, the latter has definitely been proven wrong during the last 16 years. 

Ki-67 EXPRESSION AS A MARKER FOR 
PROLIFERATING CELLS 

Requirements for a proliferation marker 
Before discussing the use of the Ki-67 protein in tumor diagnostics, it may be worth having a more 

theoretical look at the term proliferation marker in this context. The expression of the Ki-67 protein is thought to be an indicator for cells within the growth fraction of a given population, that is, the fraction of cells born into the proliferative category (Alison, 1995). For this kind of marker two requirements have been postulated (van Dierendonck et al., 1989): (1) the antigen should 
be continuously present during the cell cycle of all cell types and (2) the transition to whatever type of non
proliferative state from any part of the cell cycle should be followed by a rapid disappearance of the antigen. Although it has been reported that Ki-67 antigen staining may be faint or even undetectable at the onset of DNA synthesis (see later discussion), it is generally accepted that the Ki-67 protein is expressed during all active phases of the cell cycle. Furthermore, all tissues tested showed Ki-67 staining in cell populations known to proliferate (Gerdes et al., 1983) and no convincing 
evidence has been presented that the Ki-67 protein may not be expressed by any proliferating human cell type. 

The second requirement is more difficult to fulfill. One problem is the definition of the term nonproliferatiue state. This expression presupposes that a cell can be found in only two clearly defined states: the proliferative or the nonproliferative. In practice, cells tend to have a rather broad range ofintermitotic times. Intermitotic times can vary greatly, especially in vivo and under suboptimal growth conditions in vitro. Because 
there is no unequivocal feature that can distinguish between "proliferative" and "nonproliferative" cells, it is always a matter of definition which cells are termed non proliferative. Different techniques have been developed to access cell proliferation (for review, see Alison, 1995). Standard procedures to determine the growth fraction are generally based on experimental protocols, in which newly synthesized DNA is labeled during the S phase. Samples are taken at different time points and the fraction oflabeled nuclei (or labeled mitoses) is estimated. The data obtained in such experiments, together with assumptions about cell proliferation kinetics, are subsequently used to estimate a theoretical 

value for the growth fraction of the population. One has to consider that these approaches will underestimate the growth fraction if a considerable fraction of cells has intermitotic times that exceed the labeling interval. In contrast, Ki-67 protein expression directly reflects a certain physiological state of the cell. Although the functional role of the Ki-67 protein during cell proliferation is unknown, it is unquestionable that Ki-67 protein expression and cell proliferation are closely linked. 
Even if an "ideal" proliferation marker could be found, there are theoretical limitations for its use in estimating the growth fraction. As mentioned previ

ously, such an ideal proliferation marker must label "proliferative" cells during all (active) phases of the cell cycle. A cell should be positive as long as it is going to divide. The problem is that the term going to divide refers not to the actual state of the cell but to an event in the future. The cell must make the final decision whether to divide at some time point during the cell 
cycle. Let us assume, for example, that the decision is made in mid-G1 phase. As stated earlier, for an ideal proliferation marker, one would postulate that during 
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all cell cycle phases, including early G1 phase, the cell should be positive if the cell is going to divide, but negative if the cell is going to become quiescent or terminally differentiated. This leads to the contradiction that the proliferation marker must indicate the decision of the cell before it has actually been made. A correct indication ofthe proliferative state can be made only if the decision whether to continue proliferation is made before or at least at the time of the previous cell division. This assumption, however, is in disagreement with experimental data proving that the decision can 
be made in later phases of the cell cycle. Some authors postulate that cells can enter a quiescent state even after completing DNA synthesis (Darzynkiewicz and Traganos, 1982; Drewinko et al., 1984; Lazebnik et al., 1991; Wei et al., 1993). This leads to the conclusion that a proliferation marker can be used only to indicate the potential of a certain cell to divide, but not to predict the actual division of this cell. 

This is especially true if the growth kinetics of a cell population is disturbed, for example, by administration of drugs. Van Oijen et al. (1998) showed that cells remain Ki-67 positive when DNA synthesis is blocked by hydroxyurea; the cells are arrested in mitosis by 
nocodazole or blocked in the cell cycle progression by the heterologous expression of the cyclin-dependent kinase inhibitor p21. They further demonstrated Ki-67 positive cells 24 h after inflicting DNA damage by the application of camptothecin. Under these conditions, p21 and p53 were upregulated and progression through the cell division cycle arrested as measured by incorporation of the thymidine analogue bromodeoxyuridine (BrdU). From these observations, the authors conclude that Ki-67 expression is not necessarily linked to actively proliferating cells and advise against the use of Ki-67 in studies of cells that overexpress p53 or p21. These statements result from the oversimplified model that cell proliferation can be assessed by monitoring some kind of master switch that, in any case, precisely reflects the proliferative state of the cell . In contrast to this model, all evidence supports the idea that cell proliferation is governed by a complex and intricate regulatory network. Artificially interfering with one part of the proliferative process will not necessarily lead to the corresponding adjustment of all involved parameters . In other words, it cannot be expected that 

a cell downregulates its Ki-67 protein expression just because DNA synthesis is blocked by the application of 
a drug. A cell that continues to express the Ki-67 protein is likely to maintain the potential to proliferate and may eventually do so after the block is released. In the case of experimentally inflicted DNA damage, Ki-67 antigen expression may also correspond to the ability of the cell to resume the cell division cycle after the DNA damage is repaired. The advice not to use Ki-67 in studies of cells that naturally overexpress p53 or p21 should be given only if it can be proven that such cells remain Ki-67 positive without proliferative activity for a prolonged time span. Up to now, convincing evidence for this is missing. 

In conclusion, although the Ki-67 protein expression may not correspond in every case to the theoretically defined term of growth fraction, in general one finds a close correlation between these parameters. However, it should be kept in mind that positivity for the Ki-67 

antigen does not necessarily mean that a cell is unquestionably going to divide. Such a cell may still decide to leave the active cell cycle and enter a quiescent state. It is also possible to arrest cells in the cell cycle without immediately influencing Ki-67 expression. In this context it has to be considered that positivity for the Ki-67 antigen may reflect the ability of a cell to 
continue to proliferate after the block is removed. In practice, these considerations should not be regarded as drawbacks. Because the Ki-67 index (percentage of cells staining positive for the Ki-67 antigen) is directly based on a physiological parameter involved in cell proliferation, it may give an even better insight into the growth characteristics of a tumor, its susceptibility to certain drugs, and to the outcome of a patient than the estimation of the growth fraction that precisely 
follows a theoretical definition. The usefulness of a marker in tumor diagnostics has to be tested for each tumor type and application. Only those markers that have been proven to be useful in practice should be considered. The prognostic value of the Ki-67 index has been established in numerous publications (see next section). But it is also evident that estimating the growth fraction alone is not sufficient to describe tumor growth. For example, the growth fraction (and the Ki-67 labeling index) relates only to the number (or fraction) of proliferative cells but not to the time needed for the completion of an intermitotic cycle. In other words, the estimation of the growth fraction gives 

information only about the state but not about the rate of proliferation; therefore, an additional marker would 
be helpful to assess this parameter. In the future, multiparameter analysis may provide a better means of analyzing cell proliferation and tumor growth. This may not only improve the prognostic value, but may also be a prerequisite for choosing the appropriate type of therapy for each individual case. 

Antibodies against the human Ki-67 protein: operational markers to estimate the growth 
fraction in malignant neoplasia 

Since Gerdes et al. (1984) first suggested that the growth fraction as estimated by the Ki-67 labeling index could by of prognostic value in non-Hodgkin's lymphomas, numerous studies have been performed to examine the usefulness of this marker in various types of 
malignant neoplasms. It is out of the scope of this review to give a comprehensive overview about the use of antibodies against the Ki-67 protein in tumor diagnostics. To date, the Medline database lists nearly 4000 entries referring to the Ki-67 protein or anti-Ki-67 protein antibodies, and most of these publications deal with the prognostic value of the Ki-67 antigen (PubMed database August 1999, National Library of Medicine, Bethesda, MD 20894, USA). After it was shown that the Ki-67 protein could be detected during all active phases of the cell cycle but not in resting cells (Gerdes et al., 1983, 1984), it became evident that the Ki-67 antibody could be used as a tool to estimate the growth fraction of any human cell population. This is of special interest in tumor diagnostics, where the proliferative activity of a given tumor is often difficult to assess . Methods that are widely used in experimental research such as the determination of the cellular DNA content by flow cytometry or the in vitro or in vivo labeling of 
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newly synthesized DNA, are for practical and sometimes also ethical reasons difficult to apply to human tumors. In contrast, Ki-67 immunostaining can easily be performed on various types of cytological and histological preparations, such as smear, squash, cytocentrifuge preparations, and histological sections. In comparison to the counting of mitotic figures, the Ki-67 labeling index is more sensitive, because cells in all active phases of the cell cycle are recognized. Further
more, the reliable assessment of mitotic figures needs more experience and is more time-consuming than the counting of immunohistologically stained nuclei. One major drawback of the original Ki-67 antibody was the fact that it could not be used in formalin-fixed paraffin sections, which are routinely used in histopathology. 
This disadvantage could be overcome by the preparation of the Ki-67 equivalent monoclonal antibody MIB-1, which can be used on paraffin sections after antigen reassessment by microwave-processing (Cattoretti et al., 1992). 

Although the usefulness of the Ki-67 labeling index in tumor diagnostics has often been questioned, in recent years a growing number of studies have proven its prognostic value. This discussion has repeatedly led to the publication of editorials in reputed journals, arguing for the use of the Ki-67 labeling index in histopathology (Sawhney and Hall, 1992; Schwarting, 1993; Lloyd, 1998). One reason for the reluctance of many pathologists to use the Ki-67 labeling index was the competition with another "proliferation marker," the proliferating cell nuclear antigen (PCNA). Before the MIB-1 antibody was available, the prototype PCNA antibody PC 10 had the advantage that it could be used in formalin-fixed paraffin sections. However, it could be shown that PC10 staining is very sensitive to fixation 
and that the antigen reassessment by microwave treatment led to the staining of quiescent cells (Schwarting, 1993; Kubbutat et al., 1994). This was confirmed by the finding that PCNA not only has a role in DNA replication, but is also involved in DNA repair. These multiple roles of PCNA (reviewed by Prosperi, 1997) strongly argue against the use ofPCNA expression as a reliable marker for proliferating cells. 

Meanwhile, the usefulness of the Ki-67 labeling index has been well established for various types of malignant neoplasms. In the case of multiple myeloma it could be shown that Ki-67 expression correlates with the course of the disease and, furthermore, is a useful 
marker in distinguishing multiple myeloma from monoclonal gammopathy of unknown significance (Drach et al., 1992; Miguel-Garcia et al., 1995). For 
soft-tissue sarcoma, the Ki-67 index is a significant predictor for overall survival of the patients as well 
as for the occurrence of distant metastasis (Ueda et al., 1989; Rudolph et al., 1997; Heslin et al., 1998; 
Huuhtanen et al., 1999). 

The prognostic value of the Ki-67 index can be of particular importance in those types of cancers in which the clinical course is difficult to predict by histological criteria alone. A good example is prostate cancer, in which the predictive value of the Ki-67 labeling index has been studied in numerous publications. In multivariate analysis, it was found that the Ki-67 labeling index is an independent and significant 
prognostic factor for disease-specific survival if all 

stage and grade categories are included (Aaltomaa et al., 1997; Borre et al., 1998). Furthermore, for patients treated with radical prostatectomy Ki-67 expression is 
an independent predictor of disease recurrence and progression (Bettencourt et al., 1996; Bubendorf et al., 1996; Moul et al., 1996; Keshgegian et al., 1998; Bai et al., 1999). Similar results were obtained for patients treated with transurethral resection (Stattin et al., 1997). Moreover, the Ki-67 labeling index is also a significant predictive marker for the postradiation recurrence in patients with adenocarcinomas (Scalzo et al., 1998). The estimation of the Ki-67 labeling index may also be useful in lymphatic metastases from prostate cancer. In a study with patients who underwent pelvic lymphadenoectomy and 125I implantation, a cor
relation was found between the fraction of Ki-67-positive malignant cells and the survival of patients (Cher et al., 1996). In the future, the pretherapeutic assess
ment of Ki-67 expression may become of increasing importance in the evaluation of tumor aggressiveness and the selection of adequate treatment. In a recent study, Bubendorf et al. (1998) assessed the p53, Bcl-2, 
and Ki-67 expression of prostate tumors in core needle biopsies. It could be shown that in multiparametric analysis, the Ki-67 labeling index was the only independent predictor of tumor-specific survival. 

Another type of cancer in which the Ki-67 labeling index has been extensively studied is the breast carcinoma. During recent years a vast body of evidence has accumulated, which supports the concept that the Ki-67 labeling index is an independent prognostic factor for survival and tumor recurrence. Some of the more recent publications are summarized in Table 1. Together, these studies cover more than 4600 cases proving that the Ki-67 labeling index is a significant prognostic factor. This was found not only in univarite analysis but (when performed) most studies showed 
that Ki-67 is also of independent prognostic value in multivariate analysis. 

The data summarized previously clearly argue for the assessment of the Ki-67 labeling index in tumor diagnostics. In this context it is worth mentioning that the diagnostic value of the Ki-67 index depends on the tumor type and the availability of protocols for treatment. For certain tumor types, no correlation could be demonstrated between prognosis and the Ki-67 labeling index. This does not necessarily mean that Ki-67 expression is not a good marker for proliferative activity; it merely indicates that there is no variability in the course of the disease in relation to the proliferative activity. It is obvious that the proliferative activity, as assessed by the Ki-67 labeling index, may be of importance in those types of treatment protocols that are 
aimed at dividing cells. Here the Ki-67 labeling index may be of great value in predicting how a tumor responds to a certain type of therapy. Consequently, the assessment of Ki-67 protein expression may become one of the crucial parameters for deciding which therapy is best for an individual tumor. We are now at the brink of the introduction of the Ki-67 labeling index into routine clinical diagnostics. For this purpose, however, there is an urgent need for an international standardization of the staining procedures and a clinicalpathological validation by randomized, multicenter 
prospective studies. 
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TABLE 1. Prognostic value of the Ki-67 labeling index in breast cancer 

Reference Prognostic significance 1 

Archer et al. , 1995 OS (UA) 
Molino et al. , 1997 OS, DFS (UA, MAl Weikel et al. , 1995 OS, DFS (UA) 
Rudolph et al. , 1999 OS, DFS (UA, MAl 
Clahsen et al. , 1998 DFS (UA, MA) 
Dettma r et al. , 1997 DFS (UA) 
Domagala et al., 1996 OS (UA, MA) 
Haerslev et al., 1996 OS (UA) 
J ansen et al. , 1998 OS , DFS (UA, MAl 
J ensen et al. , 1995 OS (UA, MA) 
Keshgegian & Cnaan , 1995 DFS (UA) 
Pinder et al., 1995 OS (UA, MA) 
Rozan et al. , 1998 DFS (UA); OS (UA, MAl Seshadri et al. , 1996 OS, DFS (UA, MAl Veronese et al. , 1996 OS, DFS (UA) 

Characteristics 
of studied group1 

Grades II & III 

No 
pm, N0 
No 

T1 _ ,, N0 , M0 

tumor :s 5 em 

N0, N , 

Antibody 

Ki -67 
Ki-67 
Ki-67 
Ki-S5 
MIB-1 
MIB-1 
MIB-1 
MIB-1 
MIB-1 
MIB-1 
MIB-12 

MIB-1 
MIB-1 
MIB-1 
MIB-1' 

Number 
of cases 

92 
322 
549 
356 
441 
90 

186 
487 
341 
118 
135 
177 
326 
740 
246 

'OS, overall survival; DFS, disease:f~ee survival; UA, univariate analysis; MA, multivariate analysis; No. tumors from patients with negative axi llary lymph nodes; N , , tumors from pattents wtth posttt ve axtllary lymph nodes; M0 , tumors fr om patients with no histol ogical evidence of invasion of skin or deep fascia; T , tumor ~hameter :S 50 mm; pm, tumors from premenopausal patients . 1
-

2
' 

2 ln addition, the labeling index was determined using the Ki-67 prototype antibody. 

New applications for an tibodies against 
the Ki-67 protein 

A drawback to the application of Ki-67 antibodies in 
basic research is the fact that monoclonal antibodies 
raised against the human Ki-67 protein have often a 
r11:ther li~ited cross-species reactivity. The prototype Ki-67 antibody detects the human protein as well as 
the Ki-67 equivalents from other primate species. A 
panel of new monoclonal antibodies against the Ki-67 
protein was raised and designated MIB (for Molecular 
Immunology Borstel). Additionally, MIB-1 can be used 
to stain the Ki-67 equivalent proteins from various mammals (e.g., cattle, dog, horse, and sheep). Until 
recently, MIB-5 was the only monoclonal antibody re
active with the Ki-67 equivalents from rodents . 
Gerlach et al. (1997a,b) showed that MIB-5 is useful for 
~he asses~ment ofi?roliferating cells in rats. Employing Immunohistochemical methods on tissue sections, the 
authors could demonstrate that it is possible to distin
guish pr?liferative from nonproliferative cells during 
embryoruc development. Moreover, the MIB-5 antibody 
was a lso found to be useful in monitoring cell prolifer
ation in regenerative processes in tissues of adult animals . 

The fact that MIB-5 is a mouse monoclonal antibody 
makes its application on murine tissue sections trou
blesome, because background staining due to endoge
nous immunoglobulins is difficult to avoid. To overcome 
this problem we first raised a rabbit antiserum against 
the murine Ki-67 protein equivalent (Kosco-Vilbois et 
al., 1997) and recently a rat monoclonal antibody was 
prepared in a collaboration between the laboratory of Hanswalter Zentgraf at the German Cancer Research 
Center (Heidelberg), our own group, and Dianova 
GmbH (Hamburg). This antibody, designated as 
TEC-3, was raised by immunizing rats with a recombinantly expressed part ofthe murine Ki-67 equivalent 
protein. Figure 1a shows an example for the staining 
obtained with this antibody on a murine tissue section. In general, the TEC-3 staining pattern is very similar 
to the Ki-67 staining pattern on the corresponding 
human tissues. 

With the development of MIB-5 and TEC-3, a gap 

was closed . It is now possible to assess cell proliferation 
by the means of monoclonal Ki-67-equivalent antibod
ies in most mammals that are routinely used as exper
iiD:e!ltal. animals . This .sho';lld .lead to an increasing utilizatiOn of these antibodies m basic research. The 
possibility of identifying proliferative cells in mamma
lian tiss':les and cell cultures with little effort by im
munological methods should be beneficial in various 
fields of basic and applied research . These include such 
different areas as drug screening, the study of animal 
models of various human diseases, wound healing and other regenerative processes, aging, and tumor biology as well as developmental biology. An interesting exam
ple ofthe latter is the recent paper of Lee et al. (1999). 
The authors demonstrated that the expression of the 
transcription factor whn is principally associated with 
terminally differentiated cells . Nevertheless, a small 
subclass of cells expresses whn in combination with the 
Ki-67 protein, suggesting that whn expression may be 
involved in the transition from the proliferative to the 
postproliferative state. 

The utilization of the Ki-67 protein as a proliferation 
mark~r c.ould be further extended if Ki-67 equivalent protems m nonmammalian species could be identified. If these proteins exist, the characterization of homo
logues in Xenopus, Drosophila, and Caenorhabditis 
would be of special interest. The identification of these 
proteins may be valuable not only in assessing cell 
proliferation in these well-studied animal models but 
could even provide us with a clue to understanding the 
function of the mammalian Ki-67 protein. 

THE BIOLOGY OF THE Ki-67 PROTEIN 
From structure to function? 

In 1993, 10 years after the initial description of the 
antigen, when the entire eDNA sequence coding for the 
Ki-67 protein was published by Schluter et al. , it could 
be expected that the identification of sequence motifs 
of potential functional significance and homology 
searches would lead to rapid progress in the elucida
tion of the function of the molecule; indeed, the primary 
structure revealed numerous interesting features . Two 
differentially spliced mRNA isoforms were described 
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Fig. 1. Detection of the Ki-67 protein by immunofluorescence. Lefthand column, staining for the K.i-67 protein (green); center column, staining of DNA (red); right-hand column, merged images . (a) Murine lymph node stained with the rat monoclonal antibody TEC-3. Indirect immunofluorescence was performed using a fluorescein isothiocyanate-conjugated goat anti-rat IgG. Nuclei positive for the murine Ki-67 antigen appear in yellow. In the germinal centers, the nuclei of nearly all centroblasts and some centrocytes react with TEC-3. In 

contrast, most cells in the follicular mantle are negative for the Ki-67 antigen. Bar, 100 f.l.m. (b-d) Cytospin preparations of human PHA stimulated peripheral mononuclear blood leukocytes stained with the monoclonal antibody MIB-1. Indirect immunofluorescence was performed using a fluorescein isothiocyanate-conjugated goat anti-mouse lgG. Bar, 10 f.l.m. Note the different staining patterns during interphase (b, c) and mitosis (d). 
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with sizes of 8688 and 9768 base pairs. These two 
forms differ by the absence or presence of the region 
encoded by exon 7 of the Ki-67 gene. The molecular 
mass of the small and the large protein variant derived 
from these isoforms was calculated to be 320 and 359 
kD, respectively. A potential "ATP/GTP binding site 
motif A" (P-loop) was predicted in the carboxy terminal 
region of the molecule (Saraste et al., 1990). Two pu
tative nuclear targeting signals (Chelsky et al., 1989; 
Silver 1991) and eight potential "bipartite nuclear tar
geting signals" (Dingwall and Laskey, 1991) were in 
accordance with the finding that during interphase the 
antigen is exclusively detectable in the nuclei of the 
cells. Furthermore, the protein contains 143 protein 
kinase C, 89 casein kinase II, and 2 tyrosine kinase 
consensus sites. 

Although some of the features predicted by the se
quence analysis have been verified and characterized 
in later studies, for example, phosphorylation and nu
clear transport (see later discussion), the function of 
the Ki-67 protein still remains unclear. In part, the 
difficulties in the determination of the functional role 
can be attributed to the absence of obvious homology 
with other proteins. 

Although conserved domains, shared with proteins of 
characterized function would be an excellent guide in 
the initial steps of functional characterization, until 
recently (see later discussion), no protein-with the 
exception of some Ki-67 equivalents in other mam
mals-exhibits clear similarity with the human Ki-67 
protein. 

The failure to detect regions of similarity between Ki-67 and other proteins may be partially due to the 
fact that conventional search algorithms are too insensitive to detect only weakly conserved regions of homol
ogy. Using an advanced search method for sequence profiles, Hofmann and Bucher (1995) located a so
called forkhead-associated (FHA) domain in the amino 
terminal region of the Ki-67 protein. Interestingly, the authors could further show that this type of sequence 
motif is a common feature in a number of proteins 
known to be involved in cell-cycle regulation (e.g., 
DUN1 and RAD53 protein kinases from S. cereuisiae 
that link the S phase checkpoint to DNA-damage and 
the S. pombe cds1 kinase that is also involved in S 
phase regulation). Unfortunately, the function of the 
FHA domain is far from clear. Recently, it has been 
suggested that one of the two FHA domains ofthe Rad 
53 protein kinase in S. cereuisiae is a protein binding 
domain that can interact with phosphorylated Rad9, 
thereby integrating DNA damage signals (Sun et al., 
1998). Further progress in the understanding of the 
function of FHA domains and the identification of ad
ditional proteins that interact with these domains will lead to a better understanding of the cell cycle regula
tory network and may also give some insight into the 
functional role of the Ki-67 protein. 

A unique feature found in the Ki-67 primary struc
ture is the occurrence of 16 repeated elements, each 
with a size of approximately 122 amino acid residues. 
These "Ki-67" repeats share between 43 and 62% identical amino acid residues. Within these repetitive ele
ments there is a highly conserved region, also called the Ki-67 motif, exhibiting 72 to 100% identity with the 
consensus sequence. Moreover, the Ki-67 motif also 

includes the epitope (F K E L) that is recognized by the 
prototype Ki-67 antibody. The entire repetitive region 
is encoded by a single exon (13) of the Ki-67 gene. With 
a length of 6845 base pairs, Ki-67 exon 13 is one ofthe 
largest mammalian exons known. 

Until recently, the Ki-67 repeats seemed to be a 
unique feature of the human Ki-67 protein and its 
equivalents in other mammals. This may have changed 
with the discovery of a new protein in cells from the rat 
kangaroo designated as chmadrin (Takagi et al., 1999). 
Like the Ki-67 protein, chmadrin contains a central 
repetitive domain. Although this domain is much 
smaller, the chmadrin repeats exhibit clear sequence 
similarity to the repeats of the Ki-67 protein. Similar
ity was also found between other limited regions of the proteins. Interestingly, like the Ki-67 protein, chmad
rin contains an FHA domain close to its amino terminal 
end. Currently, it is not possible to decide whether 
chmadrin is the equivalent of the Ki-67 protein in the 
rat kangaroo or if it belongs to a new family of Ki-67-
related proteins. In any case, the analysis of regions 
that are conserved in both proteins may be fruitful for 
the identification of functionally important domains 
and sequence motifs. 

Ki-67 protein expression during the cell cycle 
After preparation of the prototype Ki-67 antibody, it 

soon became evident that the recognized antigen could 
be exclusively detected in those cell populations that 
were known to proliferate (Gerdes et al., 1983). A de
tailed analysis of phytohemagglutinin (PHA) stimu
lated peripheral mononuclear blood leukocytes (PBL) showed that unstimulated (i.e., G0 cells) were consis
tently negative for the Ki-67 antigen. In contrast, after 
PHA stimulation the antigen was expressed in S, G2 , 
and M phase cells (Gerdes et al., 1984). The expression 
in the first G1 phase is controversially discussed. Whereas Lopez et al. (1991) claimed cells in the initial 
G1 phase to be entirely negative for the Ki-67 antigen, 
Gerdes et al. (1984) reported the onset ofKi-67 expres
sion already in the late G1 phase (termed G1B). How
ever, both studies agree that G1 cells in subsequent 
division cycles are positive for the Ki-67 protein, al
though there is controversy about the relative expres
sion during the G1 phase. Whereas some authors report 
an increase of Ki-67 antigen staining already starting 
in late G1 phase (Braun et al., 1988; Starborg et al., 1996), 
others found a decrease until the onset of DNA synthesis 
(Lopez et al., 1991; Bruno and Darzynkiewicz, 1992 ). 
Van Dierendonck et al. (1989) even reported the strik
ing observation that the Ki-67 antigen was undetect
able in cells entering S phase, a fact that was disputed by others (du Manoir et al., 1991; Kill, 1996). 

These inconsistencies can be explained, in part, by 
the hypothesis of du Manoir et al. (1991). The authors 
propose three different pathways during the G1 phase. 
The Ki-67 decrease pathway is characterized by a de
clining Ki-67 staining and leads eventually to the exit from the active cell cycle (G0). If cells on this pathway 
get stimulated by growth factors, they can enter the Ki-67 increase pathway that brings the cells back into S phase. Cells following the Ki-67 stable pathway exhibit 
a constant intensity of Ki-67 staining during the G1 phase. This pathway is thought to correspond to opti
mal local growth conditions. 
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It is generally accepted that the Ki-67 antigen stain
ing increases during S phase (du Manoir, 1991; Bruno 
and Darzynkiewicz, 1992). Moreover, it was shown 
that this even exceeds the increase in DNA content 
(Sasaki et aL, 1987; Bruno et aL, 1991). During G2 phase a further increase in Ki-67 staining intensity 
was reported (du Manoir et al., 1991). The highest 
staining intensity of the Ki-67 antigen is found in 
metaphase (Braun et al., 1988; Verheijen et al., 1989b; 
du Manoir et al., 1991; Starborg et al., 1996), whereas 
during ana- and telophase the Ki-67 staining begins to 
decrease (Braun et al., 1988; Starborg et al., 1996). 

These observations lead to the question in which way 
the changing staining intensity is linked to the biolog
ical function ofthe Ki-67 protein. The increase in Ki-67 
staining intensity observed from the onset of S phase 
until metaphase cannot merely be explained by accu
mulation of the protein synthesized during this time 
period, because the biological half-life of the Ki-67 pro
tein was estimated to be rather short. By radioactive 
pulse labeling of L428 cells, the half-life was deter
mined to be approximately 90 min (Heidebrecht et al., 
1996). This is in good agreement with the observation 
of Bruno and Darzynkiewicz (1992), who determined 
the decrease in Ki-67 staining intensity of HL60 after 
the inhibition of protein synthesis by cycloheximide. 
From these experiments the half-life of the Ki-67 pro
tein was estimated to be approximately 1 h. Interest
ingly, the authors found no variance between cells in 
different cell cycle phases. The Ki-67 protein expres
sion must therefore be the result of an exactly regu
lated de novo synthesis in association with effective 
degradation processes. This suggests that the precise 
regulation of the Ki-67 protein expression during the 
cell cycle may be crucial for its biological activity. As 
discussed in the next section, the cellular localization 
during the cell cycle seems to be of importance as well. 

The cellular localization of the Ki-67 protein 
is cell cycle phase dependent 

It is now well established that the cellular distribu
tion of the Ki-67 protein is not constant but is subjected 
to dramatic changes during the cell division cycle (Fig. 
1b,c,d). During the early G1 phase, the Ki-67 staining is 
restricted to numerous foci throughout the nucleo
plasm. It has been suggested that these foci correspond 
predominantly to the sites of the reforming nucleoli 
(van Dierendonck et aL, 1989; du Manoir, 1991). In 
contrast, Kill (1996) found that although some ofthese 
foci are associated with sites containing nucleolar an
tigens, they are not necessarily co-localized. This was 
confirmed by a recent study showing that the Ki-67 
protein is integrated into the reforming nucleoli at a 
relatively late time point, when fibrillarin, nucleolin, 
Nop52, and hPop1 are already present (Savino et aL, 
1999). In a detailed study, Bridger et al. (1998) showed 
that the localization of the Ki-67 protein in the very 
early G1 phase coincides with regions of satellite DNA 
(centromeric alpha satellite, telomeric minisatellite, 
and the satellite III of heterochromatic blocks). During 
the progression of the G1 phase, this co-localization 
declines. After integration of the Ki-67 protein into the 
nucleoli, only a few satellite regions remain associated 
with the Ki-67 staining. After reassembly of the nucle
oli in the mid-G 1 phase, the Ki-67 protein is localized 

mainly in these structures (Braun et aL, 1988; van 
Dierendonck et al., 1989; Verheijen, 1989a; Kill, 1996). 
For the murine Ki-67 equivalent, Starborg et al. (1996) 
showed that in addition to the nucleolar localization, 
the antigen could also be detected in the heterochro
matic regions. Immunoelectron microscopy revealed 
that the Ki-67 protein is absent from the granular 
components and the fibrillar centers within the nucle
oli (Verheijen, 1989a). It was suggested that the Ki-67 
protein is confined to a newly defined compartment 
designated the "fibrillarin-deficient region of the dense 
fibrillar component" (Kill, 1996). 

The distribution of the Ki-67 antigen during the S 
phase is a matter of discussion. According to Kill 
(1996), the Ki-67 staining during the S phase is re
stricted to the nucleoli, whereas other authors report 
an additional staining of the nucleoplasm (Braun et al., 
1988; van Dierendonck et aL, 1989; du Manoir et al., 
1991). There are also controversial reports about the 
antigen distribution during the G2 phase. Although 
some authors found the Ki-67 protein to be localized 
throughout the nucleus (du Manoir et al., 1991), others 
reported brightly stained foci in addition to a diffuse 
nucleoplasmic distribution (Braun et al., 1988). These 
foci, which only partially correspond to the nucleoli, 
have also been reported for the murine Ki-67 equiva
lent protein (Starborg et al., 1996). 

A prominent redistribution of the Ki-67 protein oc
curs during mitosis. In prophase, the Ki-67 protein is 
reorganized and becomes detectable as a fine mesh
work associated with the condensing chromatin (Ver
heijen et al., 1989b). In metaphase, a bright Ki-67 
antigen staining is visible covering the surface of the 
individual chromosomes (Braun et al., 1988; Verheijen 
et al., 1989b; du Manoir et al., 1991; Starborg et al., 
1996) (Fig. 1d). The entire Ki-67 protein, however, is 
not associated with the chromatin. After the break
down of the nuclear membrane, part of the Ki-67 pro
tein can also be detected distributed diffusely in the 
cytoplasm (Braun et al., 1988). Some authors reported 
that, toward the end of mitosis (ana- and telophase), 
the Ki-67 antigen exhibited a granular staining pat
tern (Braun et al., 1988; Starborg et al., 1996). In 
contrast, du Manoir et al. (1991) found a homogeneous 
staining during these phases. 

The discrepancies described previously with regard 
to the localization of the Ki-67 protein during the cell 
cycle may be attributed, in part, to the fact that the 
studies were performed with different types of cells 
(even from different species), using different protocols 
for fixation and staining. An inherent problem with the 
visualization of the Ki-67 protein is the complete de
pendence on immunological methods for detection; 
however, it has been shown that the binding of anti
bodies to the Ki-67 protein depends on such factors as 
ionic strength (Bruno et al., 1992) or the binding of the 
Ki-67 protein to DNA (Lopez et aL, 1994). On the one 
hand, this makes the visualization of the Ki-67 protein 
sensitive to the conditions used for fixation and stain
ing of the samples. On the other hand, this leads to the 
intriguing speculation that the entire Ki-67 protein of 
the cell is not accessible to immunological detection 
with the antibodies available. It has been proposed 
that the newly synthesized Ki-67 in the cytoplasm can
not be detected, because the antigenic determinant is 
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masked (Braun et al., 1988). This may also be true in a 
more general way. The redistribution of the Ki-67 an
tigen staining described earlier may only in part be due to a genuine topological redistribution of the Ki-67 
protein. The changing staining patterns may also re
flect changes in the accessibility of the antigen, caused 
by alterations in the biological properties of the Ki-67 
protein. Conformational changes, the forming of su
pramolecular complexes with other proteins, or the 
binding to nucleic acids may influence the interaction 
between antibody and antigen. It could be shown that 
in the presence of calcium ions, the Ki-67 protein struc
ture is changed in such a way that the immunohisto
chemical detection with the monoclonal antibody MIB-1 was greatly reduced (Shi et al., 1999). 

In this context, an alternative approach for the de
tection of the Ki-67 protein may prove to be useful. The expression of chimeric molecules consisting of the 
green fluorescent protein (GFP) and the Ki-67 protein 
(or parts thereof) by recombinant DNA technology may 
help to gain insight into the distribution of the Ki-67 protein during the cell cycle. A major advantage of this 
method is that these fusion proteins can be visualized 
in living cells without the need for fixation and subse
quent antibody staining. Furthermore, by the expres
sion of single protein domains or short fragments, it 
may be possible to identify the topogenic structures of 
the Ki-67 protein. A more detailed analysis of the cellcycle-dependent localization, especially with respect to 
other nuclear macromolecules, may prove to be of cru
cial importance for insight into the functional role of 
the Ki-67 protein. 

The biological significance of the Ki-67 protein 
It is astounding that 16 years after its initial descrip

tion, the functional role of the Ki-67 protein is still unknown. This is even more striking considering the 
enormous progress that has been made in the field of cell cycle research. So why has the Ki-67 protein never 
been linked to the network of proteins responsible for 
cell cycle control and progression? Could it be, that the 
Ki-67 protein, despite the strict correlation, is of no 
significance for cell proliferation? This is rather un
likely. It was shown that the incubation of cultured 
cells with oligodeoxynucleotides complementary to the 
Ki-67 mRNA inhibits DNA synthesis (Schluter et al., 
1993). Moreover, the microinjection of antibodies di
rected against the murine Ki-67 equivalent into the 
nuclei of Swiss-3T3 cells resulted in a decreased rate of 
cell division (Starborg et al., 1996). Similar results 
were obtained by microinjecting antibodies against the 
human Ki-67 protein (Heyden, 1997). In combination, 
these data strongly suggest that the Ki-67 protein has 
an essential role in cell proliferation. 

As already mentioned, one reason for the paucity of 
knowledge regarding the Ki-67 protein function is the absence of apparent homology with other proteins of 
known function; other reasons are the size and the high 
susceptibility to protease cleavage. This makes the 
Ki-67 protein difficult to handle in biochemical assays, 
and with over 300 kD the molecule may easily be 
missed on standard gels for protein separation. Never
theless, profound progress has recently been made in the characterization of the biological and biochemical 
properties. As described in the previous section, the 
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Fig. 2. Schematic representation of alternative splice forms of the Ki-67 mRNA found in murine tumor cell Jines. Form A and Form D correspond to the "large" and the "small" isoform previously identified in human cells. Form B and Form C utilize internal splice acceptor sites located within the exon 7 equivalent. Exons and introns are indicated by boxes and Jines, respectively. 

cell-cycle-dependent reorganization of the Ki-67 pro
tein has extensively been studied. It could been shown 
that some of these redistributions are accompanied by 
posttranslational modifications. For example, it was 
found that, during mitosis, the Ki-67 protein shifts to 
forms of higher apparent molecular mass and that 
these changes depend on protein phosphorylation 
(Elmer Endl, personal communication). Now it is nec
essary to determine which of the numerous theoretical 
predicted phosphorylation sites are of biological impor
tance and which kinases and phosphatases are respon
sible for the modification of these sites. 

Progress has also been made in the characterization 
of the signals that are responsible for the nuclear import of the Ki-67 protein. Although 10 putative nuclear 
targeting signals were predicted from the amino acid sequence (see previous discussion), one seems to be 
sufficient to accomplish nuclear import. When a car
boxy terminal fragment of the Ki-67 protein, which 
contains only one putative "bipartite" nuclear targeting signal, is expressed in mammalian cells, this fragment 
alone, or as a GFP fusion protein, is targeted into the 
nucleus. In contrast, the predicted "bipartite" nuclear 
targeting signal located in the Ki-67 repeat 14 is not 
able to achieve nuclear localization (unpublished observation). 

Another interesting finding is the presence of more 
than the two Ki-67 isoforms that were originally de
scribed. Analysis of the region encoded by exons 5-10 
using reverse transcriptase PCR revealed multiple 
splice forms in mRNA preparations from human and 
murine cell lines. Figure 2 shows a schematic representation of the variants found in murine cells . In 
addition to the "large" and "small" forms, which corre
spond to the isoforms previously described in human 
cells (with or without exon 7), there are additional splice products that use acceptor sites located within 
the murine exon 7 equivalent. In all forms analyzed so 
far, the reading frame is kept intact, allowing for the generation of protein (Scholzen et al., 1997). In this 
context, it is tempting to speculate that the different 
splice variants are associated with certain "physiolog
ical states" of the cell, such as the positioning within the cell division cycle . This idea is supported by the 
observation that, in general, only one or two of these splice forms are detectable in single cells (Christiane 
Dimmler, personal communication). 



320 THE Ki-67 PROTEIN 

As summarized in this study, the growing interest in 
the Ki-67 protein has led to an increasing number of 
publications dealing with different aspects of the bio
logical properties of this molecule. In the near future 
these findings, like pieces of a jigsaw puzzle, may help 
to build a complete picture, providing an understand
ing of the biological significance of the Ki-67 protein, 
although at the moment, some of the central pieces are 
missing. How can these pieces be found? There are 
different strategies that may prove to be fruitful. The 
identification of binding partners, especially proteins, 
could be very helpful. In an initial step, co-localization 
studies may be useful in identifying candidates for the 
interaction with the Ki-67 protein. More direct ap
proaches, like the two-hybrid-screening assay may also 
be productive. 

Alternatively, the function of the Ki-67 protein could 
be inhibited. The functional role may then be deduced 
from the resulting phenotype. For example, functional 
inactivation could be achieved by the application of 
antibodies (see earlier discussion) or antisense mole
cules (DNA or RNA). Another promising approach is 
the generation of dominant-negative mutants (Hers
kowitz, 1987). The expression of such mutants inhibits 
the biological activity of the endogenous wild-type pro
tein. A problem in the generation of these mutants lies 
in the fact that, without a detailed knowledge of pro
tein function, it is difficult to predict which kind of 
mutant will exhibit a dominant-negative phenotype. 
Therefore, in the case of the Ki-67 protein, the gener
ation of a dominant-negative mutant would be more or 
less a chance hit. Another way to inhibit protein func
tion is the generation of null mutations in the mouse by 
gene targeting. The fact that the Ki-67 protein is prob
ably essential for cell cycle progression makes it likely 
that the resulting phenotype is lethal. Therefore, a 
conditional approach, using the cre/loxP system (Gu et 
al., 1994; Rajewsky et al., 1996) may be the appropriate 
choice. In this system, a gene can be deleted only in 
certain cell populations of the organism (e.g., T cells or 
hepatocytes). This makes it possible to study null mu
tations, even when a complete "knock out" proves to be 
lethal for the organism, as it is to be expected for the 
Ki-67 protein. 

Sixteen years after the initial description, we may 
now be on the verge of resolving the physiological role 
of the Ki-67 protein. It is to be hoped that the efforts to 
elucidate the biological function of this protein will not 
only contribute to improving our understanding of the 
complex regulatory network that governs cell prolifer
ation, but also support the acceptance of the Ki-67 
protein as a general proliferation marker. 
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From: Gibbons, Catherine 
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To: 

Friday, December 04, 2015 7:39 PM 
Bohn, Brent 

Subject: FW: Another Cr6 slide 

From: Gibbons, Catherine 
Sent: Tuesday, June 24, 2014 10:36 PM 
To: Khan, Elaine@OEHHA <Eiaine.Khan@oehha.ca.gov> 
Subject: RE: Another Cr6 slide 

Hey! Yeah still here, but I swear I won't pull an all nighter (again)! Thanks so much, I was so immersed in looking at all of this I didn't see your em ails. I found the same thing in that 2013 paper, and normally I wouldn't have thought much of this had it not been for Chad's goofy graph with the up and down arrows. So hopefully I'll get a chance to ask him about this. 

Al so, puzzlingly, in that same paper they are talking about cytokine levels and saying these data support a proinflammatory response in rats and not in mice. WTF?? 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca .gov] 
Sent: Tuesday, June 24, 2014 7:43 PM 
To: Gibbons, Catherine 
Subject: RE: Another Cr6 slide 

Ok, I just checked and slide 4 in this attachment (Science Question 4 presentation) refers to the mouse data (Thompson et al. 2013, Fig. 4). This is what they say in the paper: 
"In addition , transcript levels of 
Ki67, a common marker of crypt cell proliferation (Itzkovitz 
et al., 20 12; Potten et al., 1997), were significantly elevated at 
_ 170 mg/1 SOD at both day 8 and day 91 (Figure 4H). 
Together, these data suggest that Cr(VI) increased crypt 
hyperplasia as early as one week of exposure to very high 
concentrations in drinking water." 

To me, the decrease in Ki-67 at 91 days looks very similar to the their figure in slide 2 of their Science Question 3 presentation, where they say that "effects in rats might have been subsiding ... " Attached is the Ki-67 review article I cited below- I haven't read it yet, but we may not need to read it since they themselves are saying that it's a marker of crypt cell proliferation . 

From: Gibbons, Catherine [mailto:Gibbons.Catherine@epa.gov] 
Sent: Tuesday, June 24, 2014 4:24PM 
To: Khan, Elaine@OEHHA 
Subject: RE: Another Cr6 slide 

LOL! As usual, turns out you have sent me this paper before and I forgot about it ® IN FACT, it was sitting RIGHT NEXT TO ME in a pile of " important papers to review" at this very second! 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca .gov] 
Sent: Tuesday, June 24, 2014 7:16 PM 
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To: Gibbons, Catherine 
Subject: RE: Another Cr6 slide 

1 notice slide 3 shows villous vacuolization- Chad had said before that they considered that part of the damage that led to crypt hyperplasia (because I noted that they had more animals with crypt hyperplasia than there were animals with apoptosis or villous atrophy) but I pointed out that vacuolization is not always a precursor of cell death . It's a stress response and can often lead to survival. See attached paper by Galluzzi et al. (highlights on p. 112 and Fig. 4 on p. 114). 

Also, Ki-67 is a cell proliferation marker: 

J Cell Physiol. 2000 Mar;182(3):311-22. 

The Ki-67 protein: from the known and the unknown. 
Scholzen T1, Gerdes J. 

Author information 

• 1Division of Molecular Immunology, Research Center Borstel, Germany. tscholzen@fz-borstel.de 

Abstract 

The expression of the human Ki-67 protein is strictly associated with cell proliferation. During interphase, the antigen can be exclusively detected within the nucleus, whereas in mitosis most of the protein is relocated to the surface of the chromosomes. The fact that the Ki-67 protein is present during all active phases of the cell cycle (G(1 ), S, G(2), and mitosis), but is absent from resting cells (G(O)), makes it an excellent marker for determining the so-called growth fraction of a given cell population. In the first part of this study, the term proliferation marker is discussed and examples of the applications of anti-Ki-67 protein antibodies in diagnostics of human tumors are given. The fraction of Ki-67-positive tumor cells (the Ki-67 labeling index) is often correlated with the clinical course of the disease. The best-studied examples in this context are carcinomas of the prostate and the breast. For these types of tumors, the prognostic value for survival and tumor recurrence has repeatedly been proven in uni- and multivariate analysis. The preparation of new monoclonal antibodies that react with the Ki-67 equivalent protein from rodents now extends the use of the Ki-67 protein as a proliferation marker to laboratory animals that are routinely used in basic research . The second part of this review focuses on the biology of the Ki-67 protein . Our current knowledge of the Ki-67 gene and protein structure, mRNA splicing , expression, and cellular localization during the cell-division cycle is summarized and discussed. Although the Ki-67 protein is well characterized on the molecular level and extensively used as a proliferation marker, the functional significance still remains unclear. There are indications, however, that Ki-67 protein expression is an absolute requirement for progression through the cell-division cycle. 

So I'm not sure if that' s mouse or rat data he's showing in slide 4, but if it's mouse, there shouldn't be a decrease in Ki-67 at 91 days compared to 8 days. 

From: Gibbons, Catherine [mailto:Gibbons.Catherine@epa.gov] 
Sent: Tuesday, June 24, 2014 3:14PM 
To: Khan, Elaine@OEHHA 
Subject: Another Cr6 slide 

Ha! Check this out, he's mentioning the paper and studies pointing to a villus origin for tumors. 
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Chromium VI and stomach cancer: a meta-analysis 
of the current epidemiological evidence 
Roberta Well ing, 1 James J Beaumont, 2 Scott J Petersen,3 George V Alexeeft,2 
Craig Steinmaus 1 

ABSTRACT 
Objectives Chromium VI (hexavalent chromium, Cr(VI)) 
is an established cause of lung cancer, but its 
association with gastrointestinal cancer is less clear. The 
goal of this study was to examine whether the current 
human epidemiological research on occupationally 
inhaled Cr(VI) supports the hypothesis that Cr(VI) is 
associated with human stomach cancer. 
Methods Following a thorough literature search and 
review of individual studies, we used meta-analysis to 
summarise the current epidemiological literature on 
inhaled Cr(VI) and stomach cancer, explore major 
sources of heterogeneity, and assess other elements of 
causa I inference. 
Results We identified 56 cohort and case-<ontrol 
studies and 74 individual relative risk (RR) estimates on 
stomach cancer and Cr(VI) exposure or work in an 
occupation associated with high Cr(VI) exposure 
including chromium production, chrome plating, leather 
work and work with Portland cement. The summary RR 
for all studies combined was 1.27 (95% Cl 1.18 to 
1.38) . In analyses limited to only those studies 
identifying increased risks of lung cancer, the summary 
RR for stomach cancer was higher (RR= 1.41, 95% Cl 
1.18 to 1.69). 
Conclusions Overall, these results suggest that Cr(VI) 
is a stomach carcinogen in humans, which is consistent 
with the tumour results reported in rodent studies. 

INTRODUCTION 
Inhalation of hexavalent chromium (Cr(Vl)) has 
occurred in a number of industries, including 
leather tanning, chrome plating, cement work and 
stainless steel welding and manufacturing. 
Numerous studies have identified associations 
between lung cancer and inhaled Cr(VI) in occupa
tional settings, and the International Agency for 
Research on Cancer has classified Cr(VI) as a group 
I carcinogen, based primarily on studies of chro
mate production, chromate pigment production 
and chromium electroplating involving high expo
sures. 1 Given that the lung is directly exposed to 
inhaled Cr(YI), it is not surprising that this organ is 
a target site. However, several studies suggest that 
Cr(VI) may also have carcinogenic effects in other 
internal organs, including the gastrointestinal tract. 

The issue of whether Cr(VI) causes gastrointes
tinal cancer has implications not only in exposed 
workers, but also in people who ingest Cr(VI) in 
drinking water. In a recent survey of 35 large US 
cities, Cr(VI) was detected in 89o/o of the water 
systems tested. 2 All levels were below the US 
Environmental Protection Agency's (US EPA) 

What this paper adds 

.,. Few studies have investigated the possible 
association between exposure to hexavalent 
chromium (Cr(VI)) and cancers other than 
respiratory cancers. 

.,. This meta-analysis includes many more results 
than previous meta-analyses of Cr(VI) exposure 
and stomach cancer. 

.,. Studies that were positive for lung cancer, 
which may indicate higher exposures, produced 
a higher summary relative risk for stomach 
cancer than the full meta-analysis. 

.,. Possible mechanisms by which Cr(VI) might 
induce carcinogenesis are biologically plausible. 

regulatory standard for chromium of 100 J.Lg/L 
However, this standard is based on a health risk 
assessment over 20 years old and is for total chro
mium (Cr(VI) and Cr(III) combined), not the more 
toxic Cr(VI). Based at least partially on its possible 
carcinogenicity in the gastrointestinal tract, US EPA 
and others are in the process of evaluating the need 
for a new Cr(YI) drinking water standard. To date, 
however, the evidence linking Cr(VI) to gastrointes
tinal cancer comes primarily from animal studies 
and questions have been raised about their rele
vance to humans. Our goal was to evaluate 
whether evidence from human studies supports the 
hypothesis that Cr(VI) is a cause of gastrointestinal 
cancer. 

We performed a meta-analysis of human studies 
of Cr(VI) and stomach cancer in order to provide a 
review of the current literature, eva luate causal 
inference, and assess potential sources of bias and 
heterogeneity. Although we examined several types 
of gastrointestinal cancer, including oesophageal, 
small intestine and colon cancer, initial analyses 
showed that the greatest number of studies and 
clearest associations were seen for stomach cancer; 
thus, stomach cancer is the focus of this 
meta-analysis. 

METHODS 
Databases including Medline and EMBASE were 
searched by two authors independently (RW and 
CS) for all epidemiological studies on Cr(VI) and 
stomach cancer (ICD-9 code 151). Searches 
included combinations of the keywords or phrases: 
stomach, gastric, gastrointestinal, cancer, chro
mium, leather, tanning, stainless steel, cement, 

IJMfright Article author (or ttfelltg~SmptO}C~)t2Dtt4\4it~dtldetl dD~IBMa'c@ub~t\MgrGroup ltd under licence. 1 
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concrete, welding and metal plating. We also searched bibliog
raphies of all publications included in the meta-analysis and all 
relevant review articles. 

The meta-analysis included studies that provided relative risk 
(RR) estimates either specifically for Cr(VI) exposure or for 
workers in occupations known to be associated with Cr(VI) 
exposure, including chromate or chromium production and 
plating; leather work and tanning; Portland cement work; and 
stainless steel production, welding, polishing and grinding. Very 
few human studies have examined Cr(VI) in drinking water. 
Owing to this, and in order to maintain consistency by route of 
exposure, we excluded drinking water studies from the 
meta-analysis and review them in the discussion. 

Only data published in peer-reviewed scientific journals were 
used, and government or industry reports were excluded. 
Studies of general foundry work and construction were also 
excluded because exposure is most likely low in many of these 
workers. Studies of asbestos cement workers and studies of shoe 
manufacturing, welding and metal plating that did not specific
ally evaluate chromium, stainless steel or leather workers were 
also excluded. Studies that reported no cases of stomach cancer 
were also excluded because of the inability to calculate a vari
ance estimate, although this exclusion was evaluated in sensitiv
ity analyses. In a few instances, a single paper reported separate 
RR estimates for men and women, or separate RR estimates for 
workers in different job categories or at different worksites. In 
these instances, we included all relative risks meeting our inclu
sion criteria when no clear overlap was present. We used Byar's 
approximation to estimate Cis in cohort stud ies in which they 
were not provided.3 Each study was reviewed, and RR estimates 
and other information were abstracted independently by two 
authors (RW and CS). 

Some studies gave RR estimates for several different metrics 
of Cr(VI) exposure, such as average exposure, peak exposure or 
exposure duration. In observational epidemiology, it is uncom
mon for all, or even most, studies to report findings using the 
same exposure metric. As a consequence, meta-analyses fre
quently involve combining data on different metrics. This 
meta-analysis is no different. When studies included RR esti
mates for different exposure metrics, we selected a single one in 
the following order: average exposure intensity, cumulative 
exposure and exposure duration. We chose this order a priori 
since analyses of other carcinogens have shown that exposure 
intensity may have a greater impact on cancer risks than expos
ure duration.4 5 Several studies also reported relative risks for 
different levels of exposure (eg, high, medium, low). Since our 
goal was to evaluate whether an association exists, rather than 
defining exact dose-response relationships or exact low expos
ure risks, we selected the RR for the highest exposure category. 
If a true association exists, higher exposures will usually be asso
ciated with higher relative risks, and higher relative risks, all else 
being equal, have greater statistical power and are less likely to 
be due to bias or confounding than relative risks near 1.0.6 7 

The selected studies reported incidence rate ratios, ORs, stan
dardised incidence ratios (SIRs) standardised mortality ratios 
(SMRs) or proportionate mortality ratios (PMRs). Some studies 
reported RR estimates adjusted for variables such as smoking, 
and these were used when available. For studies reporting data 
on incidence and mortality, incidence data were selected . Some 
studies reported results for different latency periods (ie, the 
time from first exposure to cancer diagnosis or death). Since 
many environmental agents can take decades to lead to detect
able cancers, we chose the result for the longest latency, up to a 
maximum of 30+ years. For many cohort studies, publication 

2 

of initial results was fo llowed by updates, usually extending the 
period of fo llow-up. In these, we used the most recent publica
tion giving the selected exposure metric or the largest number 
of cases. In a few publications of cement and leather work, Cr 
(VI) exposure was not specifically mentioned by the authors. 
These were included if the work processes described were those 
known to involve Cr(VI) exposure (eg, tanning or Portland 
cement). Inclusion and exclusion criteria are summarised in 
box 1. 

In order to explore heterogeneity, we performed subgroup 
analyses on specific occupations, study design, incidence versus 
mortality, gender and country. Since it is possible that Cr(VI) 

Box 1 Criteria for inclusion and exclusion of studies in 
the meta-analysis of Cr(Vl) and stomach cancer 

Inclusion criteria 
.,.. Epidemiological studies of stomach cancer and Cr(VI) 

exposure or work in an occupation known to be associated 
with Cr(VI) exposure including chromate or chromium 
production and plating; leather work and tanning; Portland 
cement work; and stainless steel production, welding, 
polishing and grinding 

.,.. Studies providing a relative risk estimate (including incidence 
rate ratios, ORs, standardised incidence ratios, standardised 
mortality ratios or proportionate mortality ratios) and the 
relative risk estimate's variance (or the data to calculate or 
estimate it) 

.,.. Published in peer-reviewed scientific journals 

.,.. If relative risk estimates are provided for different exposure 
metrics in a given study population, one metric was selected 
in the following order. average intensity, cumulative 
exposure, exposure duration 

.,.. If relative risk estimates are provided for different exposure 
levels in a given study population, the relative risk estimate 
for the highest level was selected 

.,.. Relative risk estimates adjusted for age, sex, smoking, diet 
and/or socioeconomic status were selected over unadjusted 
results 

.,.. If relative risk estimates for both stomach cancer mortality 
and incidence are reported in a given study population, the 
result for incidence was selected 

.,.. If relative risk estimates for different latency periods are 
reported in a given study population, the result for the 
longest latency period up to a period of 30+ years was 
selected 

.,.. For studies or relative risk estimates with overlapping 
populations, the most recent relative risk estimate with the 
selected exposure metric (eg, exposure intensity vs 
cumulative exposure; high vs low exposure level) or largest 
number of cases was selected 

Exclusion criteria 
.,.. Unpubl ished data including government or industry reports 
.,.. Occupations such as painting, general foundry work, 

construction and shoe (non-leather) manufacturing 
.,.. Welding or metal plating studies that did not evaluate 

stainless steel or chromium work 
.,.. Studies involving work with asbestos cement 
.,.. Studies of all gastrointestinal cancers combined 
.,.. Studies of Cr(VI) in drinking water 
.,.. Studies reporting no cases of stomach cancer 
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exposures were too low in some studies to identify a true associ
ation, we conducted separate analyses of Cr(VI) and stomach 
cancer that included only studies in which elevated relative risks 
were identified for lung cancer, a well-established effect of high 
Cr(VI) exposure. In this analysis, since statistical significance is 
highly dependent on sample size (not just the presence of a true 
effect), we included all studies in which the RR of lung cancer 
was ~1.5 regardless of statistical significance. Several subgroup 
and other analyses were done to evaluate potential confounding 
(eg, from smoking) and to compare our meta-analysis to other 
recent meta-analyses on this topic. 

We calculated summary RR estimates using the fixed and 
random effects models.8 9 We assessed heterogeneity among 
studies using the general variance-based method as described by 
Petitti .10 Statistical heterogeneiry was defi ned as present if the p 
value of the x2 test statistic was below 0.05. Some authors have 
suggested that because the random effects model incorporates 
between-study heterogeneity, it is more conservative than the 
fixed effects model. 10 However, a potential problem with the 
random effects model is that, unlike the fixed effects model, 
study weighting is not directly proportional to study precision. 
As a consequence, the random effects model gives relatively 
greater weight to smaller, less precise studies than the fixed 
effects model. This can sometimes lead to summary results that 
are less conservative than those produced using the fixed effects 
model. 1 1 To avoid this problem, we used the method presented 
by Shore et a/ 12 for our main results. In this method, the 
summary RR estimate is calculated by directly weighting individ
ual studies by their precision, and between-study variability is 
only incorporated into calculations of variance (ie, the 95% CI). 
We assessed publication bias using funnel plots and Egger's and 
Begg's tests. 13 14 The funnel plot is a graphical presentation of 
each study's effect size versus an estimate of its precision. This 
plot can be asymmetric if smaller studies with results that are 
null or in the unexpected direction are not published. In Egger's 
test, asymmetry in the funnel plot is formally tested by perform
ing a simple linear regression of the effect size divided by its SE 
on the inverse of the SE. In Begg's test, Kendall's rank order test 
is used to evaluate whether there is a correlation between the 
studies' effect sizes and their SEs. All calculations were per
formed using Microsoft Excel 2010 or STATA \1.12 (College 
Station, Texas, USA) and all p values are two sided. 

RESULTS 
In total, 74 RR estimates, from 56 separate publications, met 
our inclusion criteria and were included in the meta-analysis 
(see online supplementalary table 51). Overall, 63 results (85o/o) 
were selected from cohort studies and 11 (15%) from case
control studies, and the meta-analysis involved studies that 
included 1399 cases of stomach cancer. Eighteen studies (24%) 
involved chromium production or plating, 23 (31 %) involved 
cement workers, 17 (23%) involved leather work including 
tanning, four (5%) involved Cr(Vl) or stainless steel welding, 
and 12 (16%) involved other occupations such as ferrochro
mium or other stainless steel work. Studies excluded from the 
meta-analysis and the reasons for their exclusion are shown in 
online supplementalary table 52. 

The summary relative risk for all studies combined was 1.27 
(95% CI 1.18 to 1.38; p<0.001; table 1). A forest plot summar
ising the results and weights applied to each study is shown in 
figure 1. Sevenry per cent of the individual RR estimates in the 
overall analysis were > 1.0. No single RR estimate received more 
than 14% of the total weight showing that no single study 
dominated the assigned weights. Summary relative risks were 
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elevated for cement (1.29; 95% Cl 1.17 to 1.42) and leather 
work (1.46; 95% CI 1.23 to 1.72) but not for welding (1.06; 
95% Cl 0.72 to 1.56). For studies of Cr(VI) production and 
plating, the summary RR was above 1.0 (1.25; 95% Cl 0.97 to 
1.60), but the 95% CI included 1.0. Summary relative risks 
were higher in case-control (1.55; 95% CI 1.16 to 2.07) than 
in cohort studies (1.26; 95% CI 1.16 to 1.37), males (1.30; 
95% CI 1.20 to 1.41) than in females (1.08; 95% CI 0.65 to 
1.81), and in studies of mortality (1.39; 95% CI 1.24 to 1.57) 
than in studies of incidence (1.17; 95% Cl 1.07 to 1.29), but 
differences were only statistically significant when studies of 
incidence and mortaliry were compared (p=0.02). In the 
studies that identified Cr(VI)-associated lung cancer relative risks 
~ 1.5 (the proxy measure for probable higher exposure), the 
stomach cancer summary relative risk was 1.41 (95% Cl1.18 to 
1.69; p<0.001) in all studies (figure 2) and 1.36 (95% CI 1.01 
to 1.81; p=0.04) in Cr(Vl) production and plating studies. The 
variables adjusted or stratified for in each study are shown in 
online supplementalary table 51. Only nine studies adjusted for 
some indicator of smoking, diet or socioeconomic status (SES), 
and the RR for these studies was 1.31 (1.01 to 1.69). Results in 
almost all analyses were similar regardless of whether the 
random effects model or the fixed effects model with the cor
rection for between-study variability was used. For example, in 
the meta-analysis of all studies combined, the results using these 
two models were 1.28 (95% Cl 1.16 to 1.41) and 1.27 (95% 
CI 1.18 to 1.38), respectively. 

We saw no evidence of asymmetry in the funnel plot of all 
studies combined (figure 3), or in the funnel plots of each sub
group analysis (not shown) . Egger's and Begg's tests also 
showed no consistent evidence of publication bias. For example, 
in the all studies combined analysis, the bias coefficient for 
Egger's test was 0.16 (p = 0.55). In the analysis of all studies 
with lung cancer relative risks ~1.5, the Egger's bias coefficient 
was 0.22 (p= 0.64). 

DISCUSSION 
The overall summary relative risk of 1.27 (95% CI 1.18 to 
1.38, p<0.001) provides evidence that Cr(VI) inhalation 
increases the risk of stomach cancer. The narrow CI, excluding 
1.0, and the low p value provide evidence that this result is not 
due to chance. A major finding here is that the summary relative 
risk for stomach cancer was elevated in those studies in which 
Cr(VI)-associated lung cancer relative risks were also elevated, 
both in the analysis of all job categories combined (summary 
relative risk=1.41; 1.18 to 1.69; p<O.OOl) and in the analysis 
of chromium production and plating studies (summary relative 
risk=1.36; 1.01 to 1.81; p=0.04). Since Cr(VI) exposures, in 
general, are likely to be higher in those studies where increases 
in lung cancer were found, the presence of a positive lung 
cancer finding may be a valid surrogate for high Cr(VI) expos
ure. As such, these latter findings provide additional evidence 
that the positive findings seen in this meta-analysis are due to 
Cr(Vl). 

Statistically significant heterogeneity was seen m the 
meta-analysis of all studies combined (x2 =139.6, p<0.001), 
and the Cis of several studies did not include the summary rela
tive risk. However, we did not see statistically significant hetero
geneity in most other analyses performed, including the analyses 
of studies with elevated lung cancer risks <l=22.6, p=0.31). In 
observational epidemiology, study designs, populations, 
methods of assessing exposure and outcome, and statistical ana
lyses are rarely, if ever, the same. As such, some variation across 
study results is expected. The fact that statistical heterogeneity 
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Table 1 Results of the meta-analysis of Cr(VI) exposure and stomach cancer 

All studies 
Job type 

Production or plating 
Cement work 
Leather work 
Welding 
All other 

Study design 
Case-<ontrol 
Cohort 
PMR studies 
SMR studies 
Other 

lnddence vs mortality 
lnddence studies 
Mortality studies 

Gender 

Males only 
Females only 

Lung cancer RR ~ 1.5 
All studies 
Production or plating 

Country, region 
Europe 
North America 
Asia 

No. of 
cases 

1399 

113 

903 
237 

31 
115 

130 
1269 

353 

293 
623 

738 
661 

1258 
23 

170 
78 

859 
419 

121 

No. of 
results* 

74 

18 

23 

17 
4 

12 

11 
63 
10 

32 

21 

30 
44 

59 
6 

21 

13 

48 

16 

10 

Fixed effects model 

RRs 

1.27 

1.25 
1.29 

1.46 
1.06 
0.96 

1.55 

1.26 
1.60 
1.14 

1.16 

1.17 

1.39 

1.30 
1.08 

1.41 

1.36 

1.16 

1.50 

1.34 

1.20 

1.02 

1.20 

1.27 
0.72 
0.79 

1.16 

1.19 
1.43 

1.00 

1.07 

1.09 

1.28 

1.22 
0.72 

1.19 

1.06 

1.08 

1.36 

1.10 

Clu 

1.35 

1.53 

1.38 

1.67 
1.55 
1.17 

2.07 

1.34 

1.78 

1.29 

1.26 

1.27 
1.51 

1.38 
1.63 

1.67 
1.73 

1.25 
1.66 

1.62 

Shore 
adjusted Cl 

1.18 

0.97 
1.17 

1.23 
0.72 
0.69 

NA 
1.16 
1.43 

0.95 
1.04 

1.07 
1.24 

1.20 
0.65 

1.18 
1.01 

1.06 
1.31 

1.03 

Clu 

1.38 

1.60 

1.42 

1.72 
1.56 

1.33 

NA 
1.37 
1.78 

1.36 

1.29 

1.29 

1.57 

1.41 
1.81 

1.69 

1.81 

1.27 

1.72 
1.74 

Random effects model 

RRs 

1.28 

1.25 
1.37 

1.33 
1.08 
1.12 

NA 

1.25 

1.60 

1.17 

1.17 

1.21 

1.32 

1.33 

1.14 

1.41 

1.31 

1.20 

1.47 
1.31 

1.16 

0.95 

1.21 
1.08 
0.72 
0.78 

NA 
1.13 
1.43 

0.96 

1.03 

1.07 
1.14 

1.19 
0.61 

1.16 
0.96 

1.06 
1.24 
0.94 

Clu 

1.41 

1.65 

1.54 

1.64 

1.56 
1.60 

NA 

1.39 
1.79 

1.43 

1.34 

1.36 
1.53 

1.47 
2.11 

1.71 

1.80 

1.35 

1.75 

1.81 

Heterogeneity 

139.6 

25.9 

42.7 

23.6 
3.0 

31.7 

8.2 
129.6 

9.3 
61.5 

33.6 

41 .1 
89.8 

112.8 
8.0 

22.6 
16.9 

78.2 
27.9 
16.7 

p Value 

<0.001 

0.08 

0.005 
0.10 
0.39 

<0.001 

0.61 

<0.001 
0.41 

<0.001 
0.03 

0.07 
<0.001 

<0.001 
0.16 

0.31 
0.15 

0.003 
0,02 

0.05 

47.7 

34.4 

48.4 
32.1 
0.8 

65.3 

NA 

52.2 
2.9 

49.6 

40.4 

29.4 

52.1 

48.6 

37.4 

11.4 

29.0 

39.9 
46.3 
46.1 

*Some publications provided two or more results that met the inclusion criteria but did not involve overlapping populations (eg, separate results for males and females). CIL, lower 95% Cl; Clu, upper 95% Cl; r, the percentage of total variation across studies due to heterogeneity rather than chance; NA, not applicable (Shore adjusted Cl (applied to the fixed effects RR) and the random effects model are only used when the x' heterogeneity statistic is greater than the number of individual study results minus one); PMR, proportionate mortality ratio; RR, relative risk estimate; RRs, summary relative risk; SMR, standardised mortality ratio; x'. x' heterogeneity statistic. 

was not present in most of the subgroup analyses we performed 
highlights the overall consistency in many of these results. This 
consistency is supported by the fact that the large majority of 
individual RR estimates are > 1.0. For example, in the analysis 
of all studies combined, 52 of 74 RR estimates are > 1.0. The 
probability that this would occur by chance alone is 0.0002. 

In this meta-analysis, as in almost all meta-analyses of epi
demiological data, studies using different exposure metrics (eg, 
average exposure, exposure duration) were combined. The use 
of different metrics can potentially affect summary relative risks, 
but the likely direction is towards the null, not towards a false 
positive result. The reason for this is that if Cr(Vl) is truly asso
ciated with stomach cancer, some metrics are likely to be more 
strongly associated with stomach cancer than others, and includ
ing less relevant metrics would dilute summary relative risks 
towards 1.0. If every study had reported data on the same single 
metric that was most strongly associated with stomach cancer, it 
is likely that the true summary relative risks would be even 
higher than those reported here. A similar effect could have 
resulted from our including studies with different levels of Cr 
(VI) exposure or different forms of Cr(VI) . That is, if a true 
association exists, the inclusion of studies in which Cr(VI) expo
sures were relatively low would most likely bias results towards 
a summary relative risk of 1.0, not towards a false association. 
Previous research suggests that the absorption fraction is higher 
for soluble chromium compounds than for insoluble forms. 15 

4 

Few of the studies used in this meta-analysis provided details on 
Cr(VI) solubility. If less soluble forms are less carcinogenic, 
including studies involving these less soluble forms would dilute 
any associations due to soluble Cr(VI) to the null. It is most 
likely that all studies had at least some errors in assessing expos
ure. However, since they all assessed exposure using the same 
methods in people with and without cancer, this misclassifica
tion was most likely non-differential and also most likely biased 
findings towards the null. 

Another factor that can potentially impact results is con
founding. Most studies controlled for age and sex, but few 
adjusted for other factors (see online supplementalary table Sl). 
The known risk factors for stomach cancer include older age; 
male sex; chronic gastritis and polyps; Helicobacter pylori infec
tion, certain genetic abnormalities; lifestyle factors such as 
smoking, alcohol and diet (low fruit and vegetable intake or 
high intake of salted, smoked or nitrate-preserved foods) ; and 
coal mining, nickel refining, rubber and timber processing, and 
possibly exposure to asbestos. 16 Importantly, confounding 
factors must typically be associated with both Cr(VI) and 
stomach cancer, and these associations must be fairly strong to 
cause important confounding. 17 Some factors are most likely 
too rare (eg, genetic disorders, family history) or not associated 
strongly enough with Cr(VI) exposure (eg, Helicobacter pylori, 
a major risk factor for stomach cancer) to cause important con
founding. Some cement products contain asbestos. 18 Although 
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Ahn et al.. 2006 
Amandus. 1986 
Axelsson et al. . 1980 
Becf<er. 1999 
Costantini et al .. 1989 
Dab et al .. 2011 
Danielsen et al .. 1996 
Davies et al .. 1991 • Bolton 
Davies et al .. 1991 • Eaglescliff 
Davies et al .. 1991 • Rulherglen 
Deschamps et al. . 1995 
Edling et al .. 1986 
Franchini et al. . 1983 
Garabrant and Wegman, 1984 • females 
Garabrant and Wegman, 1984 · males 
Gonzales et al .. 1991 • bricklayer 
Gonzales et al. . 1991 · leather 
Hara et al .. 2010 
Hayes et al .. 1989 
Horiguchi et al .. 1990 
Huvinen and Pukkala, 2013 
Jakobsson el al .. 1993 
Jakobsson et at.. 1997 
Jarvholm et al .. 1982 
Kano et al .. 1993 
Kneller et al.. 1990 · leather products 
Kneller et al.. 1990 · tanners 
Koh et al.. 2013 
Korallus et al .. 1993 · Leverkusen 
Korallus et al. . 1993 • Uerdingen 
Krstev et al. , 2005 · females 
Krstev et al .. 2005 · males 
Langard et al.. 1990 
Lipworth et al .. 2011 
Mallin et al.. 1989 
McDowall. 1984 ·packing 
McDowall. 1984 · labor 
McDowall. 1984 - maintenance 
Mikoczy and Hagmar. 2005 
Minder and Beer-Porizek. 1992 
Montanaro et al ., 1997 
Moulin et al., 1990 
Moulin et al. , 1993a 
Moulin et al .. 1993b 
Moulin et al .. 1995. plant 1 
Moulin et al .. 1995 • plant 2 
Parent et al .. 1998 
Pippard et al .. 1985 
Pukkala et al., 2009 · Nordic 
Pukkala et al.. 2009 • Denmarl< 
Pukkala et al .. 2009 • Finland 
Pukkala et al .. 2009 • Norway 
Rafnsson et al., 1997 
Robinson et al .. 1995 
Rosenman and Stanbury, 1996 
Salg and Alterman. 2005 • nonwhite 
Salg and Alterman. 2005 • white 
Santibanez et al.. 2012 · bricklayer masons 
Santibanez et al .. 201 2 · leather 
Satoh et al. . 1981 
Silverstein et al.. 1981 · males 
Simonato et al .. 1991 
SjOdahl et al .. 2007 
Smailyte et al ., 2004 
Sorahan et al. . 1987 · lemales 
Sorahan et al .. 1987 · males 
Sorahan and Harrington. 2000 
Stern et at. . 2001 
Sweeney et al .. 1985 
Walrath et al .. 1987 · females 
Walrath et al .. 1987 ·males 
Weiderpass et al .. 2003 
Xu et al .. 1996 • cement 
Xu et al..1996 • plating 
Overall (1-squared = 47 .7%. p = 0.000) 

Relative risk 
estimate (95% Cl) 
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1.03 (021 , 3.03) 
2.08 (0.76, 4.53) 
0.39 (0.1 0, 0.99) 
0.70 (0.32, 1.32) 
1.52 (0.18, 5.50) 
1.60 (0.60, 4.00) 
3.33 (0.04, 18.55) 
2.80 (0.31, 10.11) 
1.69 (0.97, 2.74) 
1.69 (0.82, 3.46) 
1.82 (0.40, 8.25) 
0.67 (0.37, 1.06) 
2.14 (024, 7.73) 
1.43 (0.02, 7.50) 
0.80 (0.42, 1.40) 
1.14 (0.61 , 1.94) 
0.80 (0.30, 1. 70) 
9. 76 (2.62, 24.98) 
1.20 (0.52, 2.37) 
1.50 (1 .13, 1.95) 
0.94 (0.30, 2.19) 
2.18(1 .19, 3.65) 
0.63 (0.17' 1.60) 
1.92 (1.04, 3.24) 
3.10 (0.70, 14.90) 
5.10 (1 .00, 25.00) 
1.45 (0.58, 2.99) 
0. 72 (0.47, 1.05) 
4.30 (1.18, 15.60) 
3.21 (0.86, 8.22) 
1.48 (0.67, 2.81) 
2.11 (0.91 , 4.16) 
0.98 (0.52, 1.68) 
1.42(1 .04, 1.96) 
0. 79 (0.38, 1.46) 
2.75 (0.75, 7.01) 
0.92 (0.37, 1.90) 
2.09 (0.77, 4.55) 
1.04 (0.68, 1.52) 
0.84 (0.47, 1.38) 
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Figure 1 Forest plot of studies included in the meta-analysis of Cr(VI) and stomach cancer: all studies combined. 
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this could have potentially confounded results in cement 
workers, we excluded studies specifically in asbestos cement 
workers. In addition, high asbestos exposures were not known 
to have occurred in the other occupational categories assessed 

and summary relative risk estimates in cement workers were 
similar to those in several other job categories. A few studies 
adjusted for smoking, diet or SES, but the impacts of these 
adjustments are inconsistent, with an increase in relative risk 
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Figure 2 Forest plot of studies included in the meta-analysis of Cr(VI) and stomach cancer: only studies with lung cancer relative risk estimates ;:::1.5. 

estimates in some studies but a decrease in others. Axelson has 
shown that confounding by smoking may cause relative risks as 
high as 1.5 for lung cancer in occupational studies. 17 However, 
smoking-associated relative risks for stomach cancer are much 
lower than those for lung cancer, so the impact of smoking as a 
confounder is likely to be much less in studies of stomach 
cancer than in studies of lung cancer. Using the Axelson 
methods, and data on smoking-stomach cancer relative risks 

Figure 3 Funnel plot of studies 
included in the meta-analysis of Cr(VI) 
and stomach cancer: all studies 
combined. 
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respiratory disease (which is also caused by smoking), the 
summary RR for non-malignant respiratory disease was not ele
vated (RR=l.OO; 95% CI 0.71 to 1.40; n=9; median relative 
risk estimate=0.91), providing evidence that smoking did not 
confound our results. 

Other potential biases include the healthy worker effect and 
biases related to the inclusion of case-control studies (eg, recall 
bias or biased selection of controls). Although the summary rela
tive risk for case-control studies was higher than that for cohort 
studies, the difference between these two was not statistically 
significant (p=0.18). The healthy worker effect would primarily 
affect studies comparing exposed workers to the general popula
tion (eg, SMRs) and this effect would most likely bias SMRs 
downwards. Although the extent of this bias here is unknown, 
evidence of the healthy worker effect has been reported for 
several different cancer types and in a number of different occu
pational settings.20-22 

In this meta-analysis, neither visual inspection of the funnel 
plot nor Egger's or Begg's test showed evidence of publication 
bias, although the funnel plots are open to subjective interpret
ation, and Egger's and Begg's tests can be affected by factors 
other than this bias. Overall, while we did not see clear evi
dence of this bias, it is potentially an issue in any 
meta-analysis. 

Two previous meta-analyses of Cr(VI) and stomach cancer 
have been published. In Gatto et a/,23 the summary relative risk 
involving 29 studies was 1.09 (95o/o CI 0.93 to 1.28). Similar to 
our meta-analysis, the Gatto et al meta-analysis included studies 
of chromium production, cement and leather workers (see 
online supplementalary table S3), but the individual study 
results are presented only in figure form, making direct compar
isons with our meta-analysis difficult. One clear difference is 
our inclusion of many more results (74 vs 29), particularly £rom 
cement and leather workers, but also from studies of stainless 
steel and chromium plating workers. The summary relative risk 
using the individual RR estimates we abstracted for the 29 
studies used by Gallo et a/ was somewhat lower than our 
meta-analysis of all 74 studies (1.22 ; 95% CI 1.05 to 1.41 vs 
1.27; 95% CI 1.18 to 1.38). Another difference may have been 
our use of RR estimates from subgroups that are more likely to 
be highly exposed (eg, exposure duration ;:::10 years), although 
direct comparisons are difficult for the reason given above. We 
also excluded five studies used by Gatto et al because they were 
unpublished, involved painters or foundry workers with uncer
tain exposure/ 4 25 or overlapped with the already included 
studies.26 27 However, adding these five excluded studies to our 
meta-analysis of all studies caused little change (1.27; 95% CI 
1.18 to 1.37) since most of these studies only received a small 
amount of the total weighting. In a meta-analysis by Cole and 
Rodu, the authors reported that the summary relative risk 
between Cr(VI) and stomach cancer was lower in studies that 
adjusted for SES than in studies that did not adjust for this vari
able (RR=0.82 95% CI 0.69 to 0.96 vs RR=l.37; 95% CI 
1.23 to 1.53), and concluded that SES was responsible for any 
apparent association seen between chromium exposure and 
stomach cancer.28 However, one of the authors' criteria for 
these analyses was that studies "that were negative or essentially 
negative with respect to chrome exposure were included with 
the papers that were controlled [for SES]." In our evaluation of 
the studies used by these authors in their SES-controlled ana
lysis, we were unable to find any mention of adjustments for 
SES (or any related variable) in 13 of the 14 studies (93%) 
included. Thus, the subgroup analysis titled 'SES-controlled' 
appears to be a misnomer, and instead reflects their criterion of 
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studies that were 'negative or essentially negative with respect to 
chrome exposure.' 

A variety of data support the biological plausibility of our 
results. Cr(VI) is a well-documented human lung carcinogen, 
and there is abundant evidence that airborne Cr(VI) is systemic
ally absorbed. For example, studies in a variety of occupational 
settings have shown that Cr(VI) exposed workers have elevated 
blood or urine chromium levels compared to unexposed con
trols.29 30 These data show that airborne Cr(VI) not only 
reaches the lungs, but that at least some of it is also internally 
absorbed and therefore most likely distributed to other organs. 
This systemic absorption may occur directly through the lungs, 
or particulates containing Cr(VI) that settle in the trachea and 
bronchi may be cleared by mucociliary action and then swal
lowed.31 This swallowed Cr(VI) would come into direct contact 
with the stomach mucosa. Once in the stomach, ingested Cr(VI) 
is reduced by the acidic environment of the stomach to Cr(III), 
which is poorly absorbed. However, this reduction may not be 
complete, and most studies suggest that at least some ingested 
Cr(VI) escapes gastric reduction and is absorbed. 32 In studies in 
rodents, administration of Cr(VI) in drinking water has resulted 
in statistically significant increases in benign and malignant 
stomach tumours (combined), 31 33 papillomas or carcinomas 
(combined) of the oral cavity, and adenomas or carcinomas 
(combined) of the small intestine.34 In humans, Beaumont 
et a/35 reported a RR of 1.82 (95% CI 1.11 to 2.91) for 
stomach cancer mortality in an area where Cr(VI) pollution 
from a ferrochromium factory caused widespread Cr(VI) con
tamination of nearby drinking water sources, although issues of 
dose-response and other potential biases have been 
debated.36 37 In an ecological study in a province in Greece 
with Cr-contaminated water, SMRs were elevated for liver 
(SMR= 11.0; 95% CI 4.05 to 24.0) and lung cancer 
(SMR= 1.45; 95% CI 1.00 to 2.03).38 The SMR for stomach 
cancer was above 1.0 but was not statistically significant 

. (SMR= 1.21; 95% CI 0.44 to 2.63). 
The exact mechanisms by which Cr(VI) causes cancer are 

unknown, but evidence for several possible mechanisms exists. 
These include indirect and direct effects on DNA, epigenetic 
effects, gene regulation effects and direct cytotoxicity. Cr(VI) 
readily enters cells via active transport through anion channels 
and intracellular reduction follows, producing reactive inter
mediate Cr valences, Cr(V) and Cr(IV) and ultimately Cr(III), 
which is DNA-reactive. Reactive oxygen species, oxygen radicals 
and other reactive molecules generated during this reduction 
process are postulated to have genotoxic effects as well. 39 --'~ 6 In 
vitro studies have revealed that Cr(VI)-induced mutations can be 
generated through different types of DNA damage such as inter
strand crosslinks, DNA-protein crosslinks and DNA adducts, as 
well as single-strand and double-strand DNA breaks. 41 47 48 
Studies of Cr(VI)-exposed tannery workers show evidence of 
genotoxic effects including chromosomal aberration, micronu
clei formation, DNA breaks and higher levels of DNA damage 
in lymphocytes as determined by a comet assay.49

-
51 In a study 

of chrome plating workers, chromium-induced DNA damage as 
measured by three comet assay components was significantly 
increased in exposed workers.29 As a whole, these studies, along 
with the positive animal bioassays discussed above, 34 all provide 
biological plausibility for the findings of this meta-analysis. 

CONCLUSIONS 
The results of this meta-analysis suggest that Cr(Vl) exposure is 
associated with increased risks of stomach cancer. An important 
feature of this study is that summary relative risks were elevated 
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in a number of different occupational settings and in the sub
group of studies in which lung cancer risks were also elevated. 
As with almost all meta-analyses, confounding and publication 
bias cannot be entirely ruled out. Few studies adjusted for some 
of the known risk factors of stomach cancer, including smoking, 
although an analysis of the potential magnitude of confounding 
from smoking suggests that this was unlikely to have caused the 
associations we observed. The exact relevance of our findings to 
Cr(VI) in drinking water is unknown. Differences in reduction 
and absorption patterns across the different routes of exposure 
could potentially impact toxicity. For example, the acidic envir
onment of the stomach converts some ingested Cr(VI) to the 
poorly absorbed Cr(III), although several studies have shown 
that this process is not complete and some ingested Cr(VI) is 
absorbed.53 54 Another difference is that drinking water expo
sures are generally much lower than occupational exposures, 
and this meta-analysis cannot be used to define exact dose
response relationships or low exposure risks. However, owing to 
the difficulties associated with studying lower exposures in 
human populations (a greater probability of bias, confounding 
and insufficient power),6 37 55 chemical risk assessments and 
regulatory standards are frequently based on higher exposure 
occupational studies like the ones used here.56 Another consid
eration is that drinking water exposures may cause greater tox
icity because they can take place over the long term (eg, 
lifetime) and are more likely to occur at particularly susceptible 
life stages (eg, in fetuses, children and pregnant women) than 
exposures occurring at work. Thus, despite the different route 
and magnitude of exposure, our findings could have some rele
vance to efforts to regulate Cr(VI) in water in that they provide 
evidence that Cr(VI) is a cause of cancer in the human gastro
intestinal tract and support the animal and limited human data 
linking ingested Cr(VI) to stomach cancer. US EPA and some 
states are considering regulating Cr(VI) in drinking water based 
on its potential carcinogenicity in the gastrointestinal tract, and 
California has recently established the first drinking water stand
ard for Cr(VI) in the USA. The results of this study support 
such efforts. 
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Bohn, Brent 

From: Gibbons, Catherine 
Sent: 
To: 

Friday, December 04, 2015 7:38 PM 
Bohn, Brent 

Subject: FW: revised Cr6 reduction model published 

From: Khan, Elaine@OEHHA [mailto:Eiaine.Khan@oehha.ca.gov] 
Sent: Tuesday, August 26, 2014 9:54 PM 
To: Sasso, Alan <Sasso.Aian@epa.gov>; Wong, Patty@OEHHA <Patty.Wong@oehha.ca.gov> Cc: Gibbons, Catherine <Gibbons.Catherine@epa.gov> 
Subject: RE: revised Cr6 reduction model published 

Congratulations, Alan! Looking forward to reading it! 

Elaine 

------------From: Sasso, Alan [Sasso.Aian@epa.gov] 
Sent: Tuesday, August 26, 2014 6:08AM 
To: Wong, Patty@OEHHA 
Cc: Gibbons, Catherine; Khan, Elaine@OEHHA 
Subject: revised Cr6 reduction model published 

Hi Elaine and Patty, 

Some of the toxicokinetic work we did here at EPA has been published. It is currently in press in Toxicology and applied pharmacology: 

http://www. sci en cedi rect. com I science I a rti cl elpi i/S0041008X 140030 2 0 

It will be an open-access article. The paperwork hasn' t yet gone through for open access (may take a month), so you' ll need a subscription to the journal at the moment. 

-Alan 

Alan F. Sasso, Ph.D. 
Office of Research and Development 
National Center for Environmental Assessment 
U.S. Environmental Protection Agency 
(703)-34 7-0179 
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